The effects of a large arteriovenous fistula on left and right ventricular hemodynamics and cardiac myocyte size were examined in adult rats at 1 week and 1 month after surgery. Cardiac output, left ventricular function, and right ventricular function were evaluated before obtaining isolated myocytes for cell size measurements. Average heart weight increased 35% at 1 week and 86% at 1 month in rats with fistulas. In general, myocyte hypertrophy was due to a proportional increase in length and width (length/width ratio remained constant). This change was more evident in the large hearts from rats with 1-month fistulas. At both the 1-week and 1-month intervals, the hypertrophic response of right ventricular myocytes was slightly greater than that observed in the left ventricle or interventricular septum. Left ventricular systolic pressure and dP/dtmax were significantly reduced at 1 week but returned to normal after 1 month of overloading. Left ventricular end-diastolic pressure was increased approximately fivefold and twofold at 1 week and 1 month, respectively. Right ventricular systolic pressure and dP/dtmax were increased at both intervals examined. We conclude that severe volume overloading from a large aortocaval fistula in the rat is characterized by 1) depressed left ventricular function at 1 week followed by a large compensatory hypertrophy and near normal function at 1 month, 2) right ventricular pressure overload, and 3) changes in myocyte shape that 
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The effects of a large arteriovenous fistula on left and right ventricular hemodynamics and cardiac myocyte size were examined in adult rats at 1 week and 1 month after surgery. Cardiac output, left ventricular function, and right ventricular function were evaluated before obtaining isolated myocytes for cell size measurements. Average heart weight increased 35% at 1 week and 86% at 1 month in rats with fistulas. In general, myocyte hypertrophy was due to a proportional increase in length and width (length/width ratio remained constant). This change was more evident in the large hearts from rats with 1-month fistulas. At both the 1-week and 1-month intervals, the hypertrophic response of right ventricular myocytes was slightly greater than that observed in the left ventricle or interventricular septum. Left ventricular systolic pressure and dP/dtmax were significantly reduced at 1 week but returned to normal after 1 month of overloading. Left ventricular end-diastolic pressure was increased approximately fivefold and twofold at 1 week and 1 month, respectively. Right ventricular systolic pressure and dP/dtmax were increased at both intervals examined. We conclude that severe volume overloading from a large aortocaval fistula in the rat is characterized by 1) depressed left ventricular function at 1 week followed by a large compensatory hypertrophy and near normal function at 1 month, 2) right ventricular pressure overload, and 3) changes in myocyte shape that resemble normal physiological growth. (Circulation Research 1991;69:52-58) V olume-overload-induced cardiac hypertrophy occurs in response to stimuli such as aortic insufficiency, arteriovenous fistula, mitral regurgitation, and heart block.1 10 A proportional increase in circumference and wall thickness typically occurs in these disorders. 12 The length and diameter of cardiac myocytes are believed to increase proportionally, reflecting the observed gross anatomic changes.1'2'4 However, left and right ventricular changes in cardiac myocyte dimensions (volume, length, cross-sectional area, and diameter) from animals with a large degree of volume-overload-induced hypertrophy have not been adequately documented. A major goal of this study was to determine the specific changes in myocyte dimensions that are associated with developing and established cardiac hypertrophy in rats with large arteriovenous shunts. Volume overloading often produces a twofold or threefold increase in cardiac mass in humans.3'4 The degree of cardiomegaly observed in hearts from animals with a similar degree of overloading, however, is usually much less. For instance, aortocaval fistulas of 1 month or longer typically result in only a 10-30% increase in cardiac mass in dogs,6'7'9-11 although a recent report12 has indicated that a much larger degree of cardiac enlargement may be attained in this species (79% increase in one group of dogs with aortocaval fistulas). Aortocaval fistulas in the rat have also resulted in considerable variability in the extent of cardiac hypertrophy.13-17 A goal of these experiments was to produce a model of volume overloading in the rat that would result in a very large but consistent degree of cardiac hypertrophy. Flaim and coworkers15'8 have examined hemodynamic changes in rats at 1 day and at 2 months after aortocaval fistula surgery. However, heart weight increased only 20% in their model after 2 months of overloading. The hemodynamic response of the rat to an arteriovenous fistula that produces a large cardiac hypertrophy is not known.
In the present experiments, severe volume overloading was induced in the rat to examine cardiac hypertrophy as it developed (at 1 week after surgery) and after it was more established (at 1 month after surgery). Changes in hemodynamics and myocyte dimensions from both the right and left ventricles were assessed for potential differences in the regional response of the heart. Additionally, direct measurements of myocyte length at the two stages of overloading provided new information about the rate of induced sarcomeregenesis.
Materials and Methods Aortocaval Fistula Model
Female Sprague-Dawley rats weighing 270-300 g were obtained from Holtzman Laboratory Animals, Madison, Wis. The rats were pretreated with ketamine hydrochloride (10 mg i.p. per rat) and subsequently anesthetized using isoflurane (5% for the first minute followed by 2-3% during the remainder of the surgery). The skin was sterilized with povidone-iodine solution before making a midline celiotomy. The intestines were displaced laterally using sterile sponges. The aorta and the inferior vena cava were isolated, and the left and right iliolumbar arteries and veins were ligated and cauterized. Microvascular clamps were applied to the aorta and vena cava, both proximal and distal to the site of anastomosis. Heparin (10 units Hearts of anesthetized rats were quickly removed, trimmed of excess tissue, blotted, and weighed after hemodynamic measurements. The procedure for isolating and fixing cardiac myocytes for morphological examination has been described previously. 21 Briefly, hearts were perfused in a retrograde manner on a Langendorff apparatus with Joklik media followed by collagenase. Cells were collected from the left ventricular free wall, septum, and right ventricular free wall.
Cell volume of isolated myocytes was determined using a Coulter Channelyzer (model C256, Coulter Corp., Hialeah, Fla.) interfaced to a Coulter Counter (model ZBI). The Coulter system determines cell volume by measuring the change in electrical resistance across an aperture resulting from the displacement of electrolytes as cells move through the aperture. 21, 22 Based on the work of Hurley,23 a shape factor of 1.05, representing a cell length/width ratio of -7, was used.
Cell length, defined as the longest length parallel to the longitudinal axis of the myocyte, was measured directly with a microscope. Myocyte cross-sectional area was calculated from cell volume/cell length. A minimum of 40 myocytes from each heart region of each rat was measured. The isolation procedure typically produces cells with a mean sarcomere length of 1.90 g£m.16,21 The consistency of sarcomere lengths was confirmed again in preliminary experiments by measuring sarcomere lengths of six samples from each rat group (200 sarcomeres per sample).
Fresh tissue samples of lung, liver, and kidney were collected from each rat to determine if there were any changes in percent dry weight. Statistical analyses were done using analysis of variance (ANOVA). Sheffe's test was used to make individual comparisons between groups when a significant change was observed with the ANOVA.
Results
Values for heart weight, body weight, and the heart weight/body weight ratio are given in Table 1 . Heart weight increased 35% and 86% at 1 week and at 1 month after fistula surgery, respectively. There was no significant change in the body weight of rats 1 week after aortocaval fistula surgery (1-week fistula rats weighed 287+ 6 g when killed and 291 ± 16 g before surgery). However, the mean body weight of 1-week sham-operated rats was slightly (8%), though significantly, greater than that of 1-week fistula rats (Table 1) . Total mortality rate was -47% for the 1-week and 1-month fistula groups combined. In the majority of failures, the time of death was -24-48 hours after surgery. Loss of body mass was usually a reliable predictor of mortality. this surgical procedure. Although closure of the shunt has not been attempted, this model appears more promising than the side-to-side models, since the inferior vena cava is not damaged or constricted during the surgical procedure and a single ligature around the iliolumbar vein will close the fistula.
The percent dry weight of lung, liver, and kidney tissue was not changed in either experimental rat group. Additionally, percent dry weight of lung, liver, and kidney was not altered in the five rats that were examined 1 day after creating a large aortocaval shunt (data not shown). Aside from the absence of evidence for pulmonary, renal, and hepatic congestion, ascites was not observed in any of the overloaded rats in our study. Flaim et al18 observed an increase in lung water 1 day after creating a smaller aortocaval shunt in rats. Lung water returned to normal 2 months after induction of the overload.15 At the same time, water content of the kidney and spleen had declined slightly by 2 months after surgery. It is not clear why the overload produced by Flaim's procedure led to changes in organ water content, whereas our procedure, which produced a much larger overload, did not. It should be noted, however, that the changes in water content observed by Flaim and coworkers were very small. In general, it appears that rats may tolerate volume overloading better than dogs, since symptoms of congestive heart failure are more typical of canine models.8"11 '12,25-29 Functional Changes
Acute and chronic changes in hemodynamics from volume overloading due to various types of arteriovenous shunts have been examined extensively. 8-12,15,17,18,25 -37 Most of the experimental work has been conducted in dogs. There is general agreement that arteriovenous shunts lead to an increase in cardiac output, stroke volume, and systemic peripheral resistance (excluding shunt). Heart rate is usually increased in dogs and humans with acute or chronic fistulas, although the magnitude of the response is often quite variable.8"11'12,25.29,31-41 Flaim et al have reported no change in heart rate after 1 day18 and a reduction in heart rate after 2 months15 in rats with aortocaval fistulas. Heart rate was not changed at either 1 week or 1 month after induction of the overload in our experiments. It appears that tachycardia is not a significant compensatory response to large (our present study) or small1518 degrees of arteriovenous shunting in this species.
Cardiac output in rats with aortocaval fistulas was -2.7 times that of sham-operated controls at both 1 week and 1 month after surgery. At both intervals, increased stroke volume accounted for the elevated cardiac output, since heart rate was not significantly altered. Left ventricular function was depressed 1 week after creation of an aortocaval fistula, as evidenced by an increase in end-diastolic pressure and a reduction in systolic pressure, diastolic pressure, and dP/dtm.x Left ventricular systolic pressure and dP/ dtma returned to normal after 1 month of overloading. It is likely that a mismatch occurred between left ventricular pumping ability and load at 1 week (e.g., inadequate hypertrophy). Unfortunately, it is not possible to determine in vivo end-diastolic sarcomere lengths from isolated myocytes. Consequently, the contribution of the Frank-Starling length-tension curve after 1 week and 1 month of overloading cannot be determined at this time. Additional experiments using whole tissue will be necessary to determine the contributions of sarcomere length and perhaps myocyte slippage to the ventricular dilation that occurs in this model.
Volume-overload-induced hypertrophy is believed to develop in response to an increase in end-diastolic wall stress.' The resulting increase in chamber volume and wall thickness in response to volume overloading returns wall stress toward normal. In our experiments, left ventricular end-diastolic pressure Liu et al Volume-Overload-Induced Hypertrophy in the Rat 57 and presumably end-diastolic wall stress were markedly elevated in rats with aortocaval fistulas of 1 week. End-diastolic pressure returned toward normal after 1 month of overloading. These data support the idea that volume overloading leads to an increase in end-diastolic wall stress, with the resulting hypertrophy occurring as a response to this stimulus. Recent data from volume-overloaded rats with aortic insufficiency also support this concept. 42 Right ventricular dP/dtmax and peak systolic pressure were significantly increased in rats with aortocaval fistulas of both 1 week and 1 month. It is likely that the greater degree of myocyte hypertrophy observed in the right ventricle at both intervals is related to the combined pressure and volume overloading of that ventricle. Pulmonary hypertension has long been recognized as a consequence of aortocaval fistulas in dogs and humans. 30, 33, 3543 The mechanism of pulmonary hypertension may be similar to that observed in hyperthyroid rats, in which increased cardiac output coupled with minimal changes in pulmonary resistance led to elevated pressure."4 Since pulmonary blood pressure was not measured directly in our experiments, this theory was not confirmed.
Cellular Changes
Approximately two thirds of the myocyte hypertrophy was due to an increase in cross-sectional area at both 1 week and 1 month after surgery. Increased cell length accounted for the remainder of the myocyte enlargement. Perhaps related to the combined volume and pressure overloading, cellular hypertrophy was slightly greater in the right ventricle. The relative contributions of cell length and cross-sectional area to myocyte enlargement were identical to the pattern observed during normal physiological growth.45 After converting cross-sectional area to mean cell diameter by using the formula for a circle, there was an equal increase in cell diameter and cell length in rats with aortocaval fistulas. Korecky and Rakusan46 have noted previously that cell length and diameter increase proportionally during normal physiological growth. In agreement with our findings, Hatt et al14 also concluded that the relative increase in cell diameter and cell length were the same in rats with large aortocaval fistulas; they were able to reach this conclusion despite the recognized difficulty in obtaining cell length measurements using whole sectioned tissue.14,47
The eccentrically hypertrophied heart has been described as "magnified in all gross dimensions" with a normal wall thickness/radius ratio. 12 Consequently, Ford2 has suggested that pure volume overload "should produce cell growth that is equal in all dimensions." This is precisely the conclusion reached in these experiments and by Hatt et weeks) and medium (41% hypertrophy in 10 weeks) size arteriovenous shunts. 16 Thomas et a17 found that left ventricular weight increased 28% while myocyte cross-sectional area increased only 7% in dogs with volume-overload-induced hypertrophy. They concluded that increased myocyte length was responsible for most of the hypertrophy. It is possible that the severity of overloading may be responsible for the observed differences in the pattern of myocyte remodeling with volume overloading (e.g., severe overloading conditions, which cause depression of cardiac function, versus modest overloads, which do not).
The relative increase in myocyte volume was slightly less than the increase in cardiac mass in rats with aortocaval fistulas at both intervals examined. It is possible that some degree of tissue edema or increase in the nonmyocyte tissue compartment (e.g., increased vascularization) took place in experimental rats. Additional experiments using whole-sectioned tissue will be necessary to determine if such changes occurred in our model.
Compared with sham-operated controls, the length of cardiac myocytes from overloaded hearts increased an average of 10.6 ,um at 1 week and 24.7 ,um at 1 month after surgery. The mean sarcomere length of isolated myocytes in each rat group was constant at 1.90 gtm. Therefore, new sarcomeres were added at the rate of -0.8/day during the first week of overloading. The overall rate of new sarcomere formation was 0.45/day in the 1-month fistula group. The faster rate of cell lengthening during the first week suggests that it would be more fruitful to study the process of induced sarcomeregenesis during the early stage of the hypertrophic process. Since the mechanism and location of induced sarcomere formation in adult hearts is poorly understood, this experimental model should prove useful in future experiments where this process is examined in more detail.
In summary, left ventricular systolic pressure and dP/dtmax were depressed after 1 week of severe volume overloading in the rat but returned to normal within 1 month. The normalization of these left ventricular functional parameters after 1 month of overloading may be related to the much larger degree of cardiac hypertrophy observed at that time. In contrast, right ventricular dP/dtmx and pressure were significantly increased at both 1 week and 1 month after surgery. Myocyte hypertrophy was greater in the right ventricle, perhaps reflecting the combined pressure and volume overloading of that chamber. Growth of cardiac myocyte dimensions in volumeoverloaded rats resembled that of normal physiological hypertrophy.
